Abstract High levels of expression of the ATP binding cassette transporter A1 (ABCA1) in the liver and the need to over-or underexpress hepatic ABCA1 to impact plasma HDL levels in mice suggest a major role of the liver in HDL formation and in determining circulating HDL levels. Cultured murine hepatocytes were used to examine the role of hepatic ABCA1 in mediating the lipidation of apolipoprotein A-I (apoA-I) for HDL particle formation. Exogenous apoA-I stimulated cholesterol efflux to the medium from wild-type hepatocytes, but not from ABCA1-deficient ( abca1 ؊ / ؊ ) hepatocytes. ApoA-I induced the formation of new HDL particles and enhanced the lipidation of endogenously secreted murine apoA-I in ABCA1-expressing but not abca1 ؊ / ؊ hepatocytes. ABCA1-dependent cholesterol mobilization to apoA-I increased new cholesterol synthesis, indicating depletion of the regulatory pool of hepatocyte cholesterol during HDL formation. Secretion of triacylglycerol and apoB was decreased following apoA-I incubation with ABCA1-expressing but not abca1 ؊ / ؊ hepatocytes. These results support a major role for hepatocyte ABCA1 in generating a critical pool of HDL precursor particles that enhance further HDL generation and passive cholesterol mobilization in the periphery. The results also suggest that diversion of hepatocyte cholesterol into the "reverse" cholesterol transport pathway diminishes cholesterol availability for apoB-containing lipoprotein secretion by the liver. -Sahoo, D., T. C. Trischuk, T. Chan, V. A. B. Drover, S. Ho, G. Chimini, L. B. Agellon, R. Agnihotri, G. A. Francis, and R. Lehner. ABCA1-dependent lipid efflux to apolipoprotein A-I mediates HDL particle formation and decreases VLDL secretion from murine hepatocytes.
HDL particles are thought to protect against atherosclerosis primarily by mediating the return of excess tissue cholesterol to the liver for excretion in bile (1) . HDLs are formed through the acquisition by apolipoprotein A-I (apoA-I) and other HDL apolipoproteins of phospholipids and cholesterol from cells and from the surface of VLDL and chylomicrons during their hydrolysis by lipoprotein lipase (2) . The discovery that apolipoproteindependent phospholipid and cholesterol efflux from cells is almost abolished in a condition with extremely low HDL levels, Tangier disease (3, 4) , suggested that the transport of cellular lipids to apoA-I is the rate-limiting step in HDL particle formation. The subsequent discovery by several groups of the mediator of apoA-I lipidation mutated in Tangier disease, the ATP binding cassette transporter A1 (ABCA1) [for review, see ref. (5)], uncovered a key player in this step and provided a new therapeutic target to increase the formation of HDL clinically.
The liver, in addition to its roles in lipoprotein secretion and reuptake and bile acid synthesis, secretes lipid-free or lipid-poor apoA-I (6) and expresses high levels of ABCA1 (7) (8) (9) (10) . Perfusates of isolated rat and monkey liver show the presence of small HDL particles (11) (12) (13) , suggesting that the liver itself mediates some lipidation of HDL proteins. Some established lines of cultured hepatoma cells (e.g., HepG2) secrete nascent HDL particles (14, 15) , but not all of those studied (e.g., Fu5AH) release cholesterol to apoA-I (16) . In addition, the correlation between ABCA1 expression and efflux to apoA-I from hepatoma cells is not clear (16) . Overexpression of ABCA1 in tissues, including the liver, results in an increase in plasma HDL levels (17, 18) , whereas selective transgene-or agonistinduced overexpression or knockout of ABCA1 in tissue macrophages has little effect on plasma HDL concentrations (19) (20) (21) . Adenoviral-directed expression of ABCA1 in the liver resulted in an increase in plasma HDL (22, 23) and an increase in cholesterol efflux to apoA-I from isolated ABCA1-transgenic mouse hepatocytes (22) . ABCA1-deficient ( abca1 Ϫ / Ϫ ) mouse hepatocytes have also been shown to generate HDL particles, but released less phospholipid to endogenously secreted apoA-I or exogenously added apoA-I (24) . Together, these results suggest that hepatic ABCA1 is a major contributor to HDL formation and a key determinant of circulating HDL levels (25, 26) .
The depletion of hepatocyte cholesterol by ABCA1-dependent lipidation of apoA-I may also deplete the pool of cholesterol available for VLDL secretion. In support of this is the decrease in VLDL production in whole animals and in man (27) (28) (29) (30) (31) , as well as in cultured primary hepatocytes (32) , following treatment with HMG-CoA reductase inhibitors. These results suggest that the availability and/or distribution of hepatocyte cholesterol plays an important role in the assembly of nascent apoB particles within the endoplasmic reticulum and that perturbations of this tightly regulated system have major effects on VLDL secretion. In the present studies, we examined the dependence on ABCA1 of apoA-I-mediated cholesterol efflux and HDL particle formation in rat hepatoma and primary rat and mouse hepatocytes and the effects of ABCA1-dependent HDL formation on VLDL particle secretion by these cells.
MATERIALS AND METHODS

Apolipoprotein and HDL isolation
HDL 3 (d ϭ 1.13-1.21 g/ml) was isolated from the pooled plasma of healthy male volunteers by density gradient ultracentrifugation (33) . Human apoA-I was isolated by DEAE-cellulose chromatography of delipidated HDL (34) .
Cell culture
Hepatocytes were isolated from adult male Sprague-Dawley rats (70-100 g), male and female DBA and abca1 Ϫ / Ϫ DBA mice (30-40 g) (35) , and male C57BL/6J and LDL receptor (LDLR)-deficient ( ldlr Ϫ / Ϫ ) C57BL/6J mice (30-40 g ) by collagenase perfusion of the liver (36) . McArdle RH7777 rat hepatoma cells were cultured as previously described (37) and used at 70% confluence for all experiments. All cells were maintained at 37 Њ C in humidified air containing 5% CO 2 .
Lipid mobilization assays
Cells were washed in DMEM and incubated with [ 14 C]mevalonic acid lactone (0.5-1 Ci/ml; 50 mCi/mmol; Amersham Canada, Oakville, ON) in DMEM for 5-8 h. Cells were then rinsed twice with DMEM and incubated in the presence or absence of apoA-I (20 g/ml) or HDL (100 g/ml) in DMEM for 16-18 h. Triplicate control dishes were collected immediately following the mevalonic acid lactone labeling period to determine initial radioactivity incorporated into free and esterified cholesterol. For phosphatidylcholine (PC) and triacylglycerol (TG) synthesis and secretion analyses, the Ϯ apoA-I medium also contained 1 mM glycerol and [ 3 H]glycerol (2.5 Ci/ml; 1 Ci/mmol; Amersham). Following incubations, media were collected and centrifuged at 1,500 rpm for 10 min to remove cellular debris. Cells were washed with ice-cold PBS, harvested in 2 ml PBS, and sonicated and analyzed for radiolabeled lipid content in cell homogenates and media by TLC (37) .
Lipid mass analysis
Primary rat and mouse hepatocytes or McArdle RH7777 cells were incubated in the presence or absence of 20 g/ml apoA-I in DMEM for 16 h. Primary hepatocytes were preincubated with DMEM containing 0.4 mM oleic acid complexed to BSA for 4 h to stimulate TG synthesis prior to incubation with apoA-I. Media and cells were collected for analyses. Lipids from 1 ml media or 1 ml cell sonicate were extracted (37) in the presence of tridecanoylglycerol as the internal standard, and phospholipids were digested by phospholipase C (38) . Samples were derivatized with Sylon BFT (Supelco, Bellefonte, PA) and analyzed by gas chromatography (Agilent Technologies, 6890 Series equipped with a flame ionization detector; Palo Alto, CA). Samples were injected onto an Agilent high performance capillary column (HP-5, 15 m ϫ 0.32 mm ϫ 0.25 m). The oven temperature was raised from 170 to 290 Њ C at 20 Њ C/min and then to 340 Њ C at 10 Њ C/min, with helium as a carrier gas (87 cm/s) with a constant flow rate of 4.5 ml/ min. In some experiments, TG content in cells and media was determined using "Infinity" TG reagent (Sigma Diagnostics, Inc.) with authentic TG (triolein) as the internal standard.
Lipoprotein analysis
Media from three identically treated dishes were pooled, concentrated, and separated by 3-10% gradient native polyacrylamide gel electrophoresis and transferred to nitrocellulose. ApoA-I was detected using anti-human apoA-I (Calbiochem, La Jolla, CA), anti-rat apoA-I (a kind gift from Dr. Norman Wong, Calgary, AB), or anti-mouse apoA-I (Biodesign, Saco, ME) polyclonal antibodies. Immunoblots were first probed with anti-human apoA-I, stripped, and then reprobed with the corresponding murine anti-apoA-I antibody. ApoB was detected using anti-human apoB polyclonal antibody (Roche Diagnostics, Inc., Indianapolis, IN).
Cholesterol synthesis
Hepatocytes were incubated in the presence or absence of 20 g/ml apoA-I in serum-free DMEM for 16 h and washed and incubated for 4 h in DMEM containing 100 M sodium acetate and 5 Ci/ml [ 3 H]acetic acid (2 Ci/mmol; Amersham Canada). Lipids were extracted and resolved by TLC, and radioactivity in cholesterol and cholesteryl ester (CE) was determined as indicated above.
Measurement of mRNA abundance
Total RNA was prepared from cultured hepatocytes with Trizol (Invitrogen Life Technologies, Burlington, ON). cDNA was synthesized from 10 g of total RNA with Superscript II (Invitrogen Life Technologies). PCR was performed with intron-spanning, gene-specific oligonucleotides and Red Taq polymerase (Sigma Diagnostics, Inc.) in the presence of the fluorescent dye SYBR Green I (Sigma Diagnostics, Inc.). Amplicon production was monitored by fluorescence using a LightCycler (F. Hoffmann-La Roche Ltd., Switzerland). All reactions were optimized for linearity, and specificity of the products was confirmed by agarose gel electrophoresis. The primers used were: cyclophilin, 5 Ј -TCC AAA GAC AGC AGA AAA CTT TCG (sense), 5 Ј -TCT TCT TGC TGG TCT TGC CAT TCC (antisense); ABCA1, 5 Ј -CCA TTA CAG GGG CAG TGC CT (sense), 5 Ј -CTG GCA CAC TCA TTG CCA GC (antisense).
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Immunoblot analyses
Cells were harvested in 50 mM Tris-HCl, pH 7.4, containing 500 ng/ml aprotinin, 1 g/ml leupeptin, 1 mM PMSF, and 2 mM EGTA; sonicated, and centrifuged at 700 rpm for 10 min to pellet unbroken cells; and the supernatant was used for analysis. The sample was adjusted to 0.45 M urea containing 0.1% Triton X-100 and 0.05% DTT, and SDS-PAGE dye was added to 50 g protein prior to loading gels, without boiling the samples. Proteins were resolved by SDS-PAGE and immunoblotted with anti-ABCA1 polyclonal antibody [a gift from Dr. Shinji Yokoyama (39) ], anti-scavenger receptor class B type I (SR-BI) polyclonal antibody (Novus Biologicals, Littleton, CO), or anti-protein disulfide isomerase polyclonal antibody (StressGen Biotechnologies, Victoria, BC).
ApoB analysis
Hepatocytes were incubated in DMEM containing 0.4 mM oleic acid complexed to BSA (37) for 4 h, and washed and incubated in the presence or absence of 20 g/ml apoA-I in DMEM for 16-18 h. Cells were washed with leucine-free media and pulsed with [ 3 H]leucine (250 Ci/dish; 120 Ci/mmol, Amersham) for 20 min. The radiolabel was removed, and cells were incubated with DMEM for an additional 2 h. ApoB was immunoprecipitated from cell homogenates and media using anti-human apoB polyclonal antibodies (Boehringer-Mannheim, Laval, QC) (37) . Nonlabeled apoB-100 and apoB-48 standards were added to the precipitates, and the samples were separated by SDS-5% PAGE. Gels were silver stained, the bands corresponding to apoB-48 and apoB-100 were excised, and radioactivity associated with the proteins was analyzed. To assess intracellular apoB degradation, 40 g/ml acetyl-leucyl-leucyl-norleucinal (ALLN; Sigma) was added during some of the incubations (40) . Alternatively, media apoB was precipitated using Cab-O-Sil (41), either from total media or from fractions obtained by density centrifugation (37) , and apoB content was estimated by immunoblotting. The relative intensities of apoB bands were determined by densitometry using BioRad Quantity One software.
Statistics
Experiments were performed at least three times in triplicate, unless otherwise specified. Results are expressed as mean Ϯ SD. P values were calculated using Student's t -test.
RESULTS
ABCA1 in hepatocytes
Whole liver (7, 8, 10) and hepatocytes (9) show high levels of ABCA1 expression. The expression of ABCA1 in cultured and primary hepatocytes used in our studies was determined by measurement of ABCA1 mRNA abundance ( Fig. 1A ) . Immunoblots of whole-cell homogenates confirmed the presence of ABCA1 protein in both cell types (Fig. 1B) . The presence of ABCA1 mRNA in the liver of DBA mice and the absence of ABCA1 mRNA and protein in abca1 Ϫ / Ϫ DBA mice has been confirmed previously (35) .
ApoA-I-mediated cholesterol efflux from murine hepatocytes
The ability of whole HDL particles to induce efflux of cholesterol from cultured HepG2 and Fu5AH rat hepatoma cells has been demonstrated previously (14, 42) and was confirmed in our hands using cultured McArdle RH7777 rat hepatoma cells and primary rat hepatocytes incubated with HDL 3 (data not shown). ApoA-I-mediated cholesterol efflux is believed to require the prior or simultaneous efflux of cellular phospholipid (43). Incubation of [ 3 H]glycerol-labeled McArdle RH7777 cells with 20 g/ml apoA-I for 16 h resulted in a 27 Ϯ 4% increase in PC efflux to the medium compared with cells incubated in the absence of apoA-I (n ϭ 3 experiments). The near absence of apoA-Imediated PC efflux from abca1 Ϫ / Ϫ mouse fibroblasts has been shown previously (35) , as has a marked decrease in efflux of phospholipids to apoA-I from abca1 Ϫ / Ϫ mouse hepatocytes (24) . To assess ABCA1-dependent [i.e., apolipoprotein-specific or active, (44) ] cholesterol efflux, primary rat, wild-type mouse, and abca1 Ϫ / Ϫ mouse hepatocytes were enriched with radiolabeled mevalonate lactone and incubated in the presence or absence of lipid-free apoA-I. Efflux of [ 14 C]mevalonate lactone-derived cholesterol to apoA-I was 3-and 2.5-fold higher than in cells incubated without apoA-I for rat and mouse hepatocytes, respectively ( Fig. 2A ). Despite this increase in cholesterol efflux to apoA-I, labeled CE levels decreased significantly in the culture medium of ABCA1-expressing hepatocytes (Fig. 2B ). This result suggested that there was a lack of lecithin:cholesterol acyltransferase (LCAT) activity in the hepatocyte medium and that the observed decrease in medium CE was perhaps due to decreased CE in apoBcontaining lipoproteins. No change was seen in medium CE in abca1 Ϫ / Ϫ hepatocytes. No significant changes were seen in the percent of total [ 14 C]sterols in cellular free cholesterol in any of the cell types following incubation with apoA-I (Fig. 2C) . However, apoA-I induced a significant reduction in labeled cellular CE stores in primary rat and wild-type mouse hepatocytes but not in abca1 Ϫ / Ϫ hepatocytes ( Fig. 2D ). This suggested active removal of cholesterol by apoA-I, thus making less cholesterol available for esterification in ABCA1-expressing hepatocytes. Changes in radiolabeled medium and cellular cholesterol and CE showed patterns similar to changes of the mass of these sterols in apoA-I-treated DBA and abca1 Ϫ / Ϫ mouse hepatocytes ( Table 1 ). In particular, no significant changes were seen in the mass of any of these cholesterol compartments following incubation of abca1 Ϫ / Ϫ cells with apoA-I. A trend toward decreased CE mass was observed in the DBA hepatocytes upon incubation with apoA-I, along with a concomitant significant increase in media free cholesterol mass. The significant decrease of radiolabeled cell CE (Fig. 2D ) compared with the decrease in CE mass (Table  1) in DBA cells could be explained by increased removal of de novo synthesized cholesterol from the ACAT-accessible pool compared with mobilization of preformed CE.
Although the presence of SR-BI might provide another mechanism for cholesterol efflux from hepatocytes, lipidfree apoA-I does not mediate cholesterol efflux via SR-BI (45) . In addition to the very low levels of cholesterol efflux from abca1 Ϫ / Ϫ cells, we found no significant upregulation of SR-BI in abca1 Ϫ/Ϫ compared with wild-type mouse hepatocytes before or after incubation with apoA-I (Fig. 2E ). These results demonstrate that endogenous ABCA1 plays a crucial role in the cholesterol efflux to apoA-I from primary hepatocytes, as previously demonstrated for other cell types [for review, see ref. (16) ], and that this efflux depletes CE stores in these cells.
ABCA1-dependent HDL particle formation by hepatocytes
HDL particles formed by murine hepatocytes in the presence or absence of exogenous apoA-I were assessed by native lipoprotein gel electrophoresis. Concentrated media samples recovered from rat or mouse hepatocytes were separated on 3-10% gradient native polyacrylamide gels and analyzed by immunoblotting with anti-human apoA-I to assess particle formation with exogenous human apoA-I. The membrane was then stripped of anti-human apoA-I and reprobed with anti-murine apoA-I to assess HDL particle formation with endogenously secreted rat or mouse apoA-I. No cross-reactivity was seen between the human and murine apoA-I antibodies. Using primary rat hepatocytes, the addition of human apoA-I resulted in the formation of a series of HDL particles between 66 and 140 kDa (Fig. 3A) . Over the 16 h time interval, an increase in endogenous rat apoA-I-containing HDL formation was seen in the absence of exogenous human apoA-I (Fig. 3B , minus apoA-I lanes). Addition of exogenous human apoA-I resulted in an increase in the number of larger rat apoA-Icontaining HDL particles, in addition to inducing smaller HDL particle formation at 16 h (Fig. 3B , plus apoA-I ABCA1, ATP binding cassette transporter A1; abca1 Ϫ/Ϫ , ABCA1-deficient; apoA-I, apolipoprotein A-I; CE, cholesteryl ester. Hepatocytes were incubated for 16 h in the presence or absence of exogenous human apoA-I, and lipids were extracted and analyzed by gas chromatography as described in Materials and Methods. The data are the average of three replicates and are representative of three independent experiments. * P Ͻ 0.05 compared with minus apoA-I condition.
at PENN STATE UNIVERSITY, on February 21, 2013 www.jlr.org Downloaded from lanes). Although there may have been an increase in rat apoA-I secreted into the medium in the presence of exogenous human apoA-I, it appears that the main effect was a shift in rat apoA-I-containing HDL particle sizes. The larger rat apoA-I-containing particles formed upon addition of exogenous human apoA-I were within the size range of particles formed with human apoA-I (Fig. 3A) .
HDL particle formation by mouse hepatocytes was assessed at 16 h (Figs. 3D, E) . Addition of exogenous human apoA-I to wild-type DBA mouse hepatocytes resulted in the formation of two distinct HDL particles between 66 and 140 kDa in size and a predominant single larger particle following incubation with abca1 Ϫ/Ϫ hepatocytes (Fig. 3D) . The apoA-I band migrating below the 66 kDa marker seen in Fig. 3D represents unlipidated or poorly lipidated human apoA-I, as seen in the immunoblot of delipidated human apoA-I also run on native gel electrophoresis (Fig. 3C) . Incubation of wild-type (DBA) mouse hepatocytes with exogenous human apoA-I resulted in an almost complete shift in the size of endogenous mouse HDL-containing particles from a lower (Fig. 3E, DBA , minus apoA-I lane) to a higher molecular weight (plus apoA-I lanes). In contrast, HDL particles containing endogenous mouse apoA-I secreted by abca1 Ϫ/Ϫ hepatocytes were all of a larger size, which did not change upon addition of exogenous human apoA-I. There was no apparent increase in endogenous apoA-I secretion to the medium of DBA or abca1 Ϫ/Ϫ mouse hepatocytes upon addition of exogenous human apoA-I (Fig. 3E) . These combined results indicate that ABCA1 mediates lipid efflux to exogenous and endogenous apoA-I for the formation of new HDL particles by hepatocytes, and that addition of exogenous human apoA-I increases the number of larger HDLs containing endogenous rat or mouse apoA-I in the presence of functional ABCA1. Our results also demonstrate the formation of HDL particles even in the face of nonfunctional ABCA1 and very low cholesterol efflux ( Fig. 2A) . The absence of smaller HDL particles in the medium of abca1 Ϫ/Ϫ hepatocytes at 16 h (Fig. 3E) , as seen at earlier time points in the medium of rat hepatocytes (Fig. 3B ) and reported previously for abca1 Ϫ/Ϫ mouse hepatocytes after a 3.5 h incubation (24) , may have been due to fusion of smaller HDL particles by 16 h in our experiments. The presence of larger HDL particles despite low levels of cholesterol efflux may be explained by the increased triacylglycerol content in HDL described previously in Tangier disease (46) and abca1 Ϫ/Ϫ mice (47). 
Depletion of the regulatory pool of hepatocyte cholesterol by apoA-I
ApoA-I readily depletes nonhepatic cells of their regulatory pool of cholesterol available for esterification by ACAT (3, 48) , an effect also apparent in hepatocytes of the depletion of CE stores in these cells (Fig. 2D) . To further assess depletion of the regulatory cholesterol pool, new cholesterol synthesis by hepatocytes was assessed following incubation with apoA-I. ApoA-I-treated McArdle RH7777 cells and primary rat and mouse hepatocytes showed a 15-20% increase in new cholesterol synthesis from 3 H-labeled acetate compared with cells preincubated in the absence of apoA-I (Fig. 4) . No increase in new cholesterol synthesis was seen following incubation of abca1 Ϫ/Ϫ hepatocytes with apoA-I. These results suggest that ABCA1-dependent cholesterol mobilization to apoA-I depletes the regulatory pool of cholesterol in hepatocytes, thereby increasing cholesterol synthesis by upregulation of HMGCoA reductase.
ABCA1-dependent HDL formation decreases VLDL secretion by primary murine hepatocytes
Previous studies have shown inhibition of VLDL secretion from cultured hepatocytes incubated with HMG-CoA reductase inhibitors, suggesting that cholesterol availability is a key determinant of VLDL secretion (27, 32) . Depletion of the regulatory pool of cholesterol by apoA-I, indicated in Figs. 2 and 4 , suggests less cholesterol would be available for VLDL synthesis and secretion. Decreased VLDL secretion was also suggested by the diminished CE content of the media after incubation of primary hepatocytes with apoA-I (Fig. 2B) . To assess the effects of hepatocyte HDL formation on VLDL secretion, the appearance of TG in hepatocyte medium was examined following incubation with apoA-I. Cells were again incubated in the presence or absence of 20 g/ml apoA-I for 16 h. ApoA-I had no effect on synthesis of TG in any of the hepatocytes tested (data not shown). Primary rat hepatocyte medium showed a decreased proportion of total synthesized TG secreted into the medium after incubation with apoA-I (60% less compared with no apoA-I) (Fig. 5A) . McArdle RH7777 rat hepatoma cells and DBA mouse hepatocytes showed an ‫%52ف‬ decrease in TG secretion to the medium. Consistent with the lack of cholesterol depletion by apoA-I, abca1 Ϫ/Ϫ mouse hepatocytes showed no decrease in TG secretion at the end of the incubation period.
The increase in cholesterol synthesis indicated in Fig. 4 would also be expected to be associated with increased LDLR synthesis and activity. The decreased TG content in the medium of cultured hepatocytes following incubation with apoA-I was attributed to decreased VLDL secretion rather than increased uptake of apoB-containing particles from the medium for two reasons. First, Davis and colleagues (49) reported Ͻ10% reuptake of newly secreted apoB or apoE after an 18 h incubation with primary rat hepatocytes. Second, we previously reported lack of reuptake of [ 3 H]PC-and TG-labeled VLDL into McArdle RH7777 cells in a 6 h incubation (37) , and Ͻ10% uptake of label when the incubation period was extended to 14 h (data not shown). To examine a potential role of the LDLR in intracellular degradation of apoB-containing lipoproteins (50) that might also explain decreased VLDL secretion in response to apoA-I, we utilized ldlr Ϫ/Ϫ and C57BL/6 control mouse hepatocytes. C57BL/6 mouse hepatocytes, like DBA mouse cells, showed an ‫%52ف‬ decrease in TG secretion during incubations with apoA-I. No difference in TG secretion was seen with ldlr Ϫ/Ϫ hepatocytes. Although this could be interpreted as indicating a major role of the LDLR in the intracellular degradation of VLDL and/or reuptake of apoB-containing particles in response to apoA-I treatment, alternate explanations are available. ldlr Ϫ/Ϫ mice show a 1.6-fold increase in hepatic cholesterol mass, and also exhibit increased TG mass (51) . Consistent with this, we found increases in TG mass in ldlr Ϫ/Ϫ hepatocytes and efflux media compared with their wild-type counterparts (Figs. 5B, C) . Although we also found a 2.3-fold increase in efflux of cholesterol from ldlr Ϫ/Ϫ hepatocytes in the presence of apoA-I (compared with 3.1-fold increase from C57BL/6 mouse hepatocytes, data not shown), the increased synthesis of cholesterol by ldlr Ϫ/Ϫ cells may override any decreased availability of hepatocyte cholesterol for VLDL synthesis and secretion induced by apoA-I. These results do not allow us to rule out a role of the LDLR in decreasing VLDL secretion.
To further examine the effect of apoA-I-mediated lipid efflux on VLDL secretion and VLDL particle number, apoB secretion from hepatocytes into the efflux medium was determined. Figure 6 shows that preincubation with apoA-I followed by pulse labeling with [ 3 H]leucine caused a 52% decrease in the secretion of labeled apoB-100 and a 28% decrease in apoB-48 secretion to the medium of primary rat hepatocytes. Decreases in apoB-100 and apoB-48 were noted across all densities upon fractionation of the media, most notably in the VLDL density range (data not shown). Furthermore, immunoprecipitation of cellular apoB did not show accumulation of apoB but rather decreased apoB levels in primary rat hepatocytes treated with apoA-I, which was not prevented by addition of the proteosomal degradation inhibitor ALLN (data not shown). ApoA-I treatment of wild-type mouse hepatocytes decreased apoB-100 mass in the medium by 60% and apoB-48 mass by 35%, as assessed by densitometric measurements of Cab-OSil-precipitated medium. ApoA-I induced no significant decreases in apoB-100 or apoB-48 secretion from abca1 Ϫ/Ϫ hepatocytes. Overall, these results suggest that ABCA1-dependent lipid efflux to apoA-I decreases cholesterol availability for VLDL synthesis and secretion by hepatocytes.
DISCUSSION
High levels of ABCA1 expression in the liver (7-10), the requirement of hepatic expression of this transporter to raise HDL levels in ABCA1-transgenic animals (17) (18) (19) (20) , and increases in HDL levels in mice expressing adenoviral-directed ABCA1 in the liver (22, 23) have suggested a major role of hepatic ABCA1 in the formation of HDL particles and in determining plasma HDL levels. The aims of the present study were to directly define the role of endogenous hepatic ABCA1 in HDL particle formation and to investigate the relationship between primary hepatocyte HDL formation and VLDL secretion by these cells. The major findings of these studies are: 1) hepatocyte ABCA1 is required for cholesterol efflux to apoA-I for new HDL particle formation by these cells; 2) ABCA1-dependent cholesterol efflux actively depletes the regulatory pool of hepatocyte cholesterol, leading to increased new cholesterol synthesis by these cells; and 3) ABCA1-dependent depletion of cellular cholesterol by apoA-I decreases secretion of VLDL by primary hepatocytes.
Several lines of evidence suggest a pivotal role of ABCA1 in hepatocyte lipoprotein metabolism. ApoA-I induced a marked increase in cholesterol efflux and decrease in cellular CE stores in primary rat and mouse hepatocytes but not in abca1 Ϫ/Ϫ hepatocytes. Exogenous apoA-I-mediated lipid efflux resulted in new HDL particle formation and a shift in the size of HDL particles containing endogenous apoA-I secreted by both rat and mouse hepatocytes to larger particles. abca1 Ϫ/Ϫ hepatocytes secreted a single species of HDL particles. These particles did not change in size upon addition of exogenous apoA-I, consistent with another recent report (24) . Depletion of the regulatory pool of cholesterol was suggested by the increase in new cholesterol synthesis following incubation with apoA-I. This effect was absent in abca1 Ϫ/Ϫ hepatocytes. A decrease in media CEs was seen following apoA-I incubation with rat and control mouse hepatocytes de- Values represent the percentage of total cell plus media TG that was secreted into the media. ApoA-I treatment had no effect on TG synthesis by all cell types. *, P Ͻ 0.05 for cells treated in the absence of apoA-I. B, C: Analysis of TG secretion (B) and TG levels (C) in C57BL/6J and ldlr Ϫ/Ϫ mouse hepatocytes. Hepatocytes were incubated in the absence (open bars) or presence (filled bars) of apoA-I as described above; TG content in media and cells was determined by using "Infinity" TG reagent (Sigma Diagnostics, Inc.) with authentic TG (triolein) as the internal standard. **, P Ͻ 0.005 for increased cellular TG levels in ldlr Ϫ/Ϫ mice. Fig. 6 . ApoB secretion from primary rat hepatocytes. Rat hepatocytes (RH) were incubated in the presence or absence of 20 g/ml apoA-I for 16 h, pulse labeled with [ 3 H]leucine for 20 min, and chased for 2 h in the absence of apoA-I. Total apoB was immunoprecipitated from media. A rat VLDL carrier was added, the samples were electrophoresed and silver stained, and the radioactivity associated with bands corresponding to apoB-100 and apoB-48 was analyzed as described in Materials and Methods. Hepatocytes from control (DBA) and ABCA1-deficient (abca1 Ϫ/Ϫ ) mice were incubated in the presence or absence of 20 g/ml apoA-I for 16 h. ApoB was precipitated from media by Cab-O-Sil and analyzed by immunoblotting as described in Materials and Methods. Data are expressed as percentage of apoB secreted by apoA-I-treated cells compared with cells incubated in the absence of apoA-I and are an average of the results of two experiments, each done in triplicate. P Ͻ 0.05 compared with cells incubated without apoA-I for apoB-100 (*) and apoB-48 (**).
at PENN STATE UNIVERSITY, on February 21, 2013 www.jlr.org Downloaded from spite a marked increase in cholesterol efflux to the medium. This suggested that there was an absence of significant LCAT activity in the efflux medium and that VLDL particle secretion was decreasing. Decreased VLDL secretion following apoA-I incubation was confirmed by the findings of markedly reduced TG and apoB in the medium compared with cells incubated in the absence of apoA-I. The dependence of this effect on ABCA1 was again confirmed using abca1 Ϫ/Ϫ hepatocytes, which showed no decrease in TG or apoB secretion following incubation with apoA-I.
Our native gel electrophoresis results with abca1 Ϫ/Ϫ hepatocyte media suggest an ABCA1-independent mechanism for secretion of preformed HDL particles (Fig. 3) , consistent with the recent report by Kiss et al. (24) . We also found evidence for lipidation of exogenously added apoA-I by abca1 Ϫ/Ϫ cells. This suggests that exogenous apoA-I is either associating with HDL particles secreted by these cells or that it is being endocytosed and resecreted in a partially lipidated form (52) . However, abca1 Ϫ/Ϫ hepatocytes show very low levels of cholesterol efflux ( Fig. 2A) , and Tangier disease patients as well as abca1 Ϫ/Ϫ mice have extremely low levels of plasma HDL (53, 54) . This suggests that HDL particles formed by the liver in the absence of ABCA1 are unable to act as effective precursors for further HDL particle formation or enlargement by the actions of LCAT and passive cholesterol efflux from peripheral or hepatic tissues. Francone et al. (47) have recently reported altered phospholipid content and impaired LCAT activity in plasma HDL of abca1 Ϫ/Ϫ mice, which may help to explain this phenomenon. The ability of human apoA-I to increase the lipidation of endogenously secreted rat and wild-type mouse apoA-I provides support for the role of apoA-I in enhancing ABCA1 activity, possibly through inhibiting protease-mediated degradation of the transporter (55, 56) .
Our results suggest decreased VLDL secretion in response to ABCA1-mediated HDL particle formation under experimental conditions in which there is little reuptake of secreted VLDL particles. Whether this would also occur in vivo is not yet known. However, this possibility is suggested by the finding of elevated fasting plasma TG in patients with Tangier disease and in abca1 Ϫ/Ϫ mice (53, 54). Sniderman et al. (57) have recently reported decreased apoB-100 secretion by HepG2 cells in response to incubation with apoA-I. These results provide further support for a regulatory pool of cholesterol in hepatocytes shared for formation of both VLDL and HDL. These authors did not detect changes in TG secretion in response to apoA-I. However, inasmuch as HepG2 cells do not secrete true TG-rich VLDL particles, this result is difficult to interpret. Wellington et al. (23) found decreased plasma TG levels in mice expressing human ABCA1 delivered via a bacterial artificial chromosome and in mice expressing low levels of adenoviral-delivered human ABCA1. These results further support our conclusion that ABCA1-dependent HDL formation by the liver may decrease VLDL particle secretion in vivo.
Depletion of cellular cholesterol by apoA-I and the subsequent increase in new cholesterol synthesis by HMGCoA reductase would also be accompanied by increased hepatocyte LDLR expression (which we also found following a 2 h incubation with apoA-I, data not shown). The net effect of this in vivo might be to replenish hepatocyte cholesterol stores by increasing clearance of remnant lipoproteins and LDL from plasma. The initial shunting of hepatocyte cholesterol to HDL formation by ABCA1, however, would increase the total amount of cholesterol in the reverse cholesterol transport pathway. Even if some of this cholesterol were then transferred back to apoB-100-containing lipoproteins by cholesteryl ester transfer protein, the larger proportion of hepatocyte cholesterol entering the circulation as HDL would increase the overall return of HDL-cholesterol to the liver. Studies in both humans and mice indicate preferential shunting of HDL-derived cholesterol into bile acid synthesis (58) (59) (60) and therefore out of the pool of lipids available for VLDL synthesis by the liver. The decreased LDL cholesterol levels seen in Tangier disease are not inconsistent with increased VLDL secretion in this disorder, inasmuch as a large proportion of LDL cholesterol is derived from HDL rather than VLDL. In addition, lipolysis of VLDL particles in Tangier disease is partially decreased (61), also likely contributing to the higher TG seen in this disorder and leading to a further decrease in LDL levels. Thus, although we cannot rule out the possibility that VLDL remnant and LDL particle uptake is also increased in response to depletion of hepatocyte cholesterol by ABCA1, we suggest that the overall effect of ABCA1 in the liver would be to remove cholesterol from atherogenic apoB-100-containing lipoprotein synthesis and increase cholesterol in the HDL/reverse cholesterol transport pathway. The reasons for decreased VLDL secretion following hepatocyte incubation with apoA-I remain to be elucidated. It is possible that intracellular apoB degradation was increased in response to an increase in LDLR expression (50) and was partially responsible for the decreased intracellular apoB and VLDL secretion observed. The inhibition of LDLR function by Triton WR 1339, which might also block intracellular degradation of apoB by the LDLR (62), makes studies using the Triton method to assess apoB production in response to expression of the ABCA1 transgene difficult to interpret. One study in ABCA1 transgenic mice found an increase in apoB levels believed to be due to decreased clearance of apoB as assessed using the Triton method (18) , while the same authors found a marked decrease in plasma apoB levels in the same animals fed an atherogenic diet (63) . Future experiments are needed to address the effects of apoA-I incubation on apoB synthesis, degradation, and clearance by hepatocytes.
The likelihood that VLDL secretion was inhibited due to depletion of the regulatory pool of free cholesterol in the cell by apoA-I was suggested by the increase in new cholesterol synthesis following incubation of hepatocytes with apoA-I. This observation is consistent with the known ability of apoA-I to markedly deplete this regulatory ACAT-accessible pool of cholesterol in other cell types (3, 48, 64) and the impaired VLDL secretion in response to HMG-CoA reductase inhibitors. We can thus postulate that apoA-I-mediated removal of cholesterol results in increased synthesis of new cholesterol, used preferentially to restore membrane cholesterol in hepatocytes at the expense of VLDL particle assembly. Alternatively, it is possible that CE stores may be the source of VLDL cholesterol or CE, and hence, the decrease in intracellular CE levels following apoA-I incubation may be responsible for decreased VLDL secretion.
In conclusion, the results presented here suggest ABCA1-dependent cholesterol mobilization by hepatocytes to apoA-I mediates HDL particle formation and limits cholesterol availability for VLDL particle secretion. These results provide additional evidence that the liver plays a much greater role in HDL formation and reverse cholesterol transport than previously thought. We propose that hepatocyte ABCA1-generated HDL provide a critical pool of HDL precursor particles that circulate into the periphery as a source of apoA-I for further HDL formation via interaction with ABCA1 on cells such as macrophages or as a source of acceptor particles for passive cholesterol efflux from cells. Whether this pathway has significant effects on levels of apoB-containing lipoproteins in vivo remains to be seen. It would, however, be expected to divert more hepatic cholesterol into the reverse cholesterol transport pathway for eventual return to the liver and excretion out of the body in bile.
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